Differential sensitivity to detergents of actin cytoskeleton from nerve endings  by Cubí, Roger et al.
Biochimica et Biophysica Acta 1828 (2013) 2385–2393
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r .com/ locate /bbamemDifferential sensitivity to detergents of actin cytoskeleton from
nerve endingsRoger Cubí a,b, Lluís A. Matas a, Marta Pou a, José Aguilera a,b,c,⁎, Carles Gil a,b,⁎⁎
a Departament de Bioquímica i Biologia Molecular, Universitat Autònoma de Barcelona, Bellaterra 08193, Catalunya, Spain
b Institut de Neurociències, Universitat Autònoma de Barcelona, Spain
c Centro de Investigación Biomédica en Red sobre Enfermedades Neurodegenerativas (CIBERNED), SpainAbbreviations: DRM, detergent-resistant membrane
methyl-β-cyclodextrin; nSM2, neutral sphingomyelinas
4,5-bisphosphate; SM, soluble membranes
⁎ Correspondence to: J. Aguilera, Departament de Bioquí
M, Universitat Autònoma de Barcelona, Bellaterra 08193, Ba
1673; fax: +34 93 581 1573.
⁎⁎ Correspondence to: C. Gil, Departament de Bioquím
M, Universitat Autònoma de Barcelona, Bellaterra 0819
93 586 8534; fax: +34 93 581 1573.
E-mail addresses: jose.aguilera@uab.cat (J. Aguilera)
0005-2736/$ – see front matter © 2013 Elsevier B.V. All
http://dx.doi.org/10.1016/j.bbamem.2013.06.022a b s t r a c ta r t i c l e i n f oArticle history:
Received 5 March 2013
Received in revised form 13 June 2013
Accepted 17 June 2013
Available online 28 June 2013
Keywords:
Membrane microdomain
Detergent
Synaptic terminal
Actin cytoskeleton
Lipid raft
CholesterolDetergent-resistant membranes (DRM), an experimental model used to study lipid rafts, are typically extracted
from cells by means of detergent treatment and subsequent ultracentrifugation in density gradients, Triton
X-100 being the detergent of choice in most of the works. Since lipid rafts are membrane microdomains rich
in cholesterol, depletion of this component causes solubilization of DRM with detergent. In previous works
from our group, the lack of effect of cholesterol depletion on DRM solubilization with Triton X-100 was detected
in isolated rat brain synaptosomes. In consequence, the aim of the present work is to explore reasons for this ob-
servation, analyzing the possible role of the actin cytoskeleton, as well as the use of an alternative detergent, Brij
98, to overcome the insensitivity to Triton X-100 of cholesterol-depleted DRM. Brij 98 yields Brij-DRM that are
highly dependent on cholesterol, since marker proteins (Flotillin-1 and Thy-1), as well as actin, appear solubi-
lized after MCD treatment. Pretreatment with Latrunculin A results in a signiﬁcant increase in Flotillin-1,
Thy-1 and actin solubilization by TritonX-100 after cholesterol depletion. Studieswith transmission electronmi-
croscopy show that combined treatment with MCD and Latrunculin A leads to a signiﬁcant increase in solubili-
zation of DRMwith Triton X-100. Thus, Triton-DRM resistance to cholesterol depletion can be explained, at least
partially, thanks to the scaffolding action of the actin cytoskeleton, without discarding differential effects of Brij
98 and TritonX-100 on speciﬁcmembrane components. In conclusion, the detergent of choice is importantwhen
events that depend on the actin cytoskeleton are going to be studied.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
The speciﬁc aggregation of cholesterol and sphingolipids in cell mem-
branes generates domainswith different biological and biophysical prop-
ertieswith respect to those domains enriched in glicerophospholipids [1].
The cholesterol-enriched domains are knownwith the inclusive name of
‘lipid rafts’, although the term ‘membrane rafts’ has been proposed as a
better denomination, in order to not overlook the role of proteins in the
operating of these domains [2]. The proteins that are incorporated into
lipid rafts are often modiﬁed, carrying glycosylphosphatidylinositol
(GPI)-anchors, palmitoylation, myristoylation, or binding directly to cho-
lesterol [1]. Moreover, from the date of ‘lipid rafts’ hypothesis proposal ins; LatA, Latrunculin A; MCD,
e-2; PIP2, phosphatidylinositol
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ern interpretation of the rafts, which involves an interplay between small
and dynamic raft domains and the cortical actin meshwork beneath the
membrane [3]. Additionally, there is growing evidence for the existence
of heterogeneity among lipid rafts, which differ in their speciﬁc lipid
and protein composition, physical properties and biological functions
[4,5]. Another important feature of membrane rafts is their low ﬂuidity,
which results in their separation of phase with respect to the bulk mem-
brane, liquid-ordered (Lo phase) for rafts and liquid-disordered (Ld
phase) for the rest of the membrane. This Lo phase is the basis of raft re-
sistance to solubilization withmild detergents, such as polyoxyethylene-
based detergents, and thus they can be isolated as detergent resistant
membrane (DRM) fractions by density ultracentrifugation [6]. Triton
X-100 at low temperature (4 °C) is the most commonly used detergent
for isolation of rafts, but the use of newdetergentswith unique properties
supports the existence of different types of rafts, such as Lubrol WX [7,8]
or others. Another detergent that has been used is Brij 98, since the ex-
traction of membrane microdomains with this detergent has been dem-
onstrated to be efﬁcient at 37 °C [9], thus avoiding the nonspeciﬁc
clustering of lipid components due to the low temperature conditions
used with Triton X-100 or Lubrol WX, and that can lead to the mistaken
assignment of proteins as raft components. In any case, it is important
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from a biochemical point of view, but they are not necessarily rafts them-
selves. Moreover, as aforementioned, actin cytoskeleton has been de-
scribed as a new element that can modulate raft functionalities, as
arises from the ‘picket-fence’ model [10]. In this model membrane pro-
teins (the pickets) and lipids are relatively conﬁned in areas of themem-
brane delimitated by actin ﬁlaments (the fence). The relationship
between rafts and the actin meshwork beneath the membrane is still a
ﬁeld of debate.
In previous studies from our group, the distribution of exocytotic
proteins from synaptosomal-enriched fractions in DRM extracted
with Triton X-100 was studied [11]. In that study, we also observed
the resistance of Triton-DRM to be solubilized after cholesterol deple-
tion with methyl-β-cyclodextrin (MCD) was effectively conducted.
MCD is a cyclic oligosaccharide used to remove cholesterol from
membranes. On the contrary, the use of Brij 98 in the same sample
yielded DRM highly sensitive to cholesterol removal [12]. In the
light of these results, the aim of the present work is to study the dif-
ferent sensitivity to cholesterol depletion between the two types of
DRM (Triton-DRM vs. Brij-DRM) from rat synaptosomes, exploring
the effect of the temperature of extraction and the role of the actin
cytoskeleton.
2. Materials and methods
2.1. Antibodies
Antibodies against v-src and β-actin were from Sigma (St. Louis,
USA). Antibody from clone OX-7 against Thy-1 was a gift of G. Schiavo
(Cancer Research UK, London). Antibody against transferrin receptor
was from Zymed Laboratories Inc. (San Francisco, CA, USA). Polyclon-
al antibodies against Flotillin-1, annexin A2 and Ezrin were from
Abcam (Cambridge, UK). Antibody against nSM2 was from Santa
Cruz Biotech (CA, USA).
2.2. Preparation of synaptosomes from rat brain
All experiments were performed with a crude synaptosomal frac-
tion (P2) prepared from 4- to 6-week-old Sprague–Dawley rat brains,
as described previously [12], with slight modiﬁcations. The whole
brain, without meninges, was homogenized in 40 vol. (w/v) phos-
phate buffer (pH 7.4) supplemented with 0.32 M sucrose. Homogeni-
zation was performed with 12 strokes (900 rev/min) of a Potter
homogenizer with a Teﬂon pestle (0.1 ± 0.15 mm clearance). The
homogenate was centrifuged at 1000 g for 5 min at 4 °C. The super-
natant was then centrifuged at 12,000 g for 20 min, both centrifuga-
tions in a JA-25.5 rotor. The obtained pellet is enriched in
synaptosomes, containing also myelin and mitochondria. The crude
synaptosomal pellet obtained from one brain was gently resuspended
in 10 ml of sodium buffer containing 140 mM NaCl, 5 mM KCl, 5 mM
NaHCO3, 1 mM MgCl2, 1.2 mM Na2HPO4, 20 mM Hepes/NaOH, and
10 mM glucose, and the pH was adjusted to 7.4. Protein concentra-
tion was determined according to the bicinchoninic acid (BCA)
assay, from Pierce.
2.3. Isolation of DRM
Synaptosomal aliquots (5 mg of total protein) were solubilized at
37 °C with 2 ml of sodium buffer containing 1% Brij 98 (Sigma) by
end-over-end mixing (30 min, 37 °C) or, alternatively, with 2 ml of
cold sodium buffer containing 1% Triton X-100 (Sigma) by end-
over-end mixing (30 min, 4 °C). Thereafter, the extracts were adjusted
to 41% sucrose, and overlaid with 8 ml of 35% sucrose in sodium buffer
and 2.5 ml of 5% sucrose in sodium buffer, inside an ultracentrifugation
tube. DRM fractionswere isolated by ultracentrifugation at 35,000 rpm,
for 18 h, 4 °C, using a SW41 rotor (Beckman Instruments Inc.). Thengradient was harvested in 12 fractions of 1 ml each. When indicated,
synaptosomes were treated with methyl-β-cyclodextrin (35 mM) at
37 °C for 30 min, prior to the detergent solubilization, in order to de-
plete cholesterol from the plasma membrane, or with Latrunculin A
10 μM at 37 °C for 30 min, in order to disrupt the actin cytoskeleton.
Latrunculin A and methyl-β-cyclodextrin were purchased from Sigma.
Protein content was determined by the bicinchoninic acid (BCA) assay
(Pierce, USA).
2.4. Electrophoresis and Western blot
Samples of each fraction from the sucrose gradientwere analyzed by
SDS-PAGE followed by Western blot analysis. The separated proteins
were transferred to a Protran nitrocellulose membrane (Schleicher
and Schuell; Dassel, Germany) using a Mini TransBlot Cell 3 (Bio-Rad,
USA) at 100 V for 1 h. The blotting buffer used contained 25 mM Tris,
200 mM glycine and 10% methanol (v/v). The membrane ﬁlters were
blocked for 1 h with Tris-buffered saline, supplemented with 0.1%
Tween 20 and 5% (w/v) defatted powdered milk. Then, the membranes
were incubated overnight with the indicated antibody diluted in
blocking buffer. Next, the membrane ﬁlters were incubated for 1 h
with a secondary antibody conjugated with horseradish peroxidase di-
luted in blocking buffer. Several washes with Tris-buffered saline/0.1%
Tween 20 were performed between all of the steps. The Western blots
were developed using ECL detection reagents from Amersham
Pharmacia Biotech (Little Chalfont, UK) and visualized using a
GeneGnome HR chemiluminescence detection system coupled to a
CCD camera (Syngene; Cambridge, UK).
2.5. Cholesterol determination
Cholesterol was enzymatically determined in a Cobas-Mira auto-
matic analyzer using a commercial reactive mixture speciﬁc for total
cholesterol quantiﬁcation (BioSystems, Spain) containing 35 mM
PIPES pH 7.0, 0.5 mM sodium cholate, 28 mM phenol, 0.2 U/ml cho-
lesterol esterase, 0.1 U/ml cholesterol oxidase, 0.8 U/ml peroxidase,
and 0.5 mM 4-aminoantipirine. The method used is based on the
spectrophotometric determination of quinoneimine, a product of
two consecutive reactions of the enzymes cholesterol oxidase and
cholesterol peroxidase.
2.6. TEM (transmission electron microscopy)
Detergent-resistant membranes were placed on an electron mi-
croscopy grid, negatively stained with uranyl acetate and air-dried.
Electron micrographs were obtained using a Hitachi H-7000 instru-
ment (Hitachi High-technologies Europe GmbH).
3. Results
3.1. Alternative extractions of DRM with TX-100 or with Brij 98 are
differently affected by cholesterol extraction with methyl-β-cyclodextrin
Synaptosome-enriched fractions from rat brain were alternatively
treated with 1% Triton X-100 at 4 °C or with 1% Brij 98 at 37 °C. After
separation of DRM by ultracentrifugation in sucrose gradients, choles-
terol contents along the gradients were measured, showing the bulk
of the content in DRM fractions in both cases (fractions 3 and 4,
Fig. 1A), demonstrating the proper extraction of cholesterol-enriched
DRM with both treatments. In order to deplete cholesterol from the
samples, synaptosomes were treated at different MCD concentrations
(25, 35 and 50 mM) for 30 min, showing the biggest effect of cholester-
ol removal at 35 and 50 mM (Fig. 1B). Thus, 35 mM MCD was used to
check the effect of cholesterol depletion in the protein distribution
along the gradients, showing that MCD treatment caused protein loss
from Brij-DRM fractions (fractions 3 and 4 from Fig. 1C). In the case of
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Fig. 1. Effect of cholesterol depletion in the extraction of Triton-DRM and Brij98-DRM from rat brain synaptosomes. A) Synaptosomes from brain cortex were treated with 1% Triton
X-100 at 4 °C or with 1% Brij 98 at 37 °C, and detergent-resistant membranes (DRM) were isolated by ultracentrifugation in sucrose gradients. Twelve fractions were harvested after
each gradient and cholesterol content was determined, showing that the bulk of the lipid was found in fractions three and four, in both detergents. B) Synaptosomes were treated
with increasing concentrations of methyl-β-cyclodextrin (MCD) for 30 min in order to assess a suitable condition to deplete cholesterol. Thereafter, cholesterol content was deter-
mined as stated in Materials and methods. C) Synaptosomes were treated with 1% Brij 98 at 37 °C with or without previous cholesterol depletion with 35 mM MCD for 30 min.
Thereafter, ultracentrifugation in sucrose gradients was performed, 12 fractions were collected and protein content in each fraction was determined by the BCA assay. D) Synap-
tosomes were treated with 1% Triton X-100 at 4 °C with or without previous cholesterol depletion with 35 mMMCD for 30 min. Thereafter, ultracentrifugation in sucrose gradients
was performed, 12 fractions were collected and protein content in each fraction was determined by the BCA assay. All the experiments were conducted in quadruplicate and shown
are the means ± SD.
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MCD treatment (Fig. 1D), which is in accordance with results obtained
in a previous work from our group [11]. When the amounts of protein
extracted in both types of DRM are compared, Brij-DRM show a consid-
erable enrichment in protein with respect to Triton-DRM, more than
twofold (compare fractions 3 and 4 from Fig. 1C and D). In any case,
the results indicate that the densities of both Triton-DRM and Brij-
DRM are similar, since they appear in the same sucrose concentration.
This is probably due to the fact that both DRM have a similar protein/
lipid ratio. In addition, the detection ofmarker proteinswas used to cor-
roborate the correct extraction of DRM. Synaptosomes from rat brain
were initially treatedwith 1% of cold Triton X-100, andmarker proteins
were detected bymeans ofWestern blot (Fig. 2). Equal volumes of each
fraction were loaded in SDS-PAGE in every case. TfR appeared in all the
cases in the fractions 10 to 12 (which correspond to soluble mem-
branes, SM), while Flotillin-1 and Thy-1 exclusively appeared in frac-
tions three and four (which correspond to detergent-resistant
membranes, DRM). Two additional proteins that interact with the
inner leaﬂet of the plasma membrane were detected, namely Src, a
myristoylated protein, and neutral sphingomyelinase-2 (nSM2), a
palmitoylated protein. Both Src and nSM2 showed a pool present in
DRM and another pool present in SM, in Triton and in Brij extractions
(Fig. 2A and B). After cholesterol depletion with MCD, both Src and
nSM2 appeared totally solubilized and exclusively in SM, whatever de-
tergentwas used, Triton or Brij (Fig. 2C andD). On the contrary, Flotillin
and Thy-1 were still exclusively visible in the Triton-extracted DRM, in-
dicating that a pool of DRM remained even after cholesterol depletion
(Fig. 2C). This resistance to MCD action cannot be explained by inefﬁ-
ciency of the treatment, since cholesterol measure indicated that
35 mMMCD depletes approximately 80% of cholesterol from synapto-
somes (Fig. 1B). When DRM were extracted with 1% Brij 98 at 37 °C,themarker proteins, i.e., TfR, Flotillin-1 and Thy-1 yielded the same pat-
tern along the gradient with respect to those obtained with Triton
X-100 (Fig 2B). DRM extraction with Brij 98 after cholesterol depletion
showed a total absence of all of the proteins analyzed in DRM fractions,
indicating a total solubilization of DRM with the combined action of
MCD and Brij 98 (Fig. 2D). One possible conclusion can be that Brij 98,
but not Triton X-100, extracts amembrane component that participates
in themaintenance of DRM. In otherwords, Triton-DRM contains an ad-
ditional component, other than cholesterol, that participates in the in-
tegrity of DRM, since MCD does not affect DRM presence in the
buoyant fractions. This is not a general feature of all of the Triton-
extracted DRM, since Triton-DRM containing Src and nSM2 are totally
affected by cholesterol depletion.
3.2. Effect of temperature in DRM extraction by Triton X-100 and Brij 98
In order to check the effect of temperature in the DRM extractions
with Triton X-100 or Brij 98, synaptosomes were incubated with 1%
Triton X-100 at 4 °C or at 37 °C, in the absence or presence of
35 mM MCD. Extraction of Triton-DRM at 37 °C in the absence of
MCD yielded no difference with respect to extraction at 4 °C, as
assessed by detection of TfR and Flotillin-1 by Western blot
(Fig. 3A). The extraction of Flotillin-1-containing DRM with Triton
X-100 at 37 °C has also been reported by other authors [13]. Addi-
tional treatment with MCD did not cause changes in the marker pro-
teins at any of the two temperatures. This result implies that Triton
X-100 can isolate DRM at 37 °C, but these are not cholesterol depen-
dent. When the same kind of experiment was performed with 1% Brij
98, results showed that extraction at 4 °C did cause a slight decrease
in the solubility of TfR with respect to the extraction at 37 °C, indicat-
ing that Brij 98 is more temperature-sensitive than Triton X-100, at
1% Triton X-100
No
1% Brij 98
TfR
Flot
A) B)
MCD
TfR
Src
nSM2
C) D)
35mM
MCD
Flot
Thy-1
Src
nSM2
1 2 3 4 5 6 7 8 9 10 11 12
DRM SM
1 2 3 4 5 6 7 8 9 10 11 12
DRM SM
Thy-1
Fig. 2. Differential cholesterol dependence of Triton-DRM versus Brij98-DRM. Cholesterol from a synaptosome fraction obtained from rat brain was depleted by means of 35 mM
methyl-β-cyclodextrin treatment for 30 min at 37 °C (indicated in the ﬁgure as 35 mM MCD, sections C and D). Alternatively, another fraction was left untreated in the same con-
ditions (indicated as No MCD, sections A and B). Each one of these fractions was split and DRM alternatively extracted with 1% cold Triton X-100 at 4 °C (sections A and C) or with
Brij 98 at 37 °C (sections B and D), as indicated in Material and methods section. After DRM separation, the presence of marker proteins along the sucrose gradient was detected by
Western blot with the aim to determine the effect of cholesterol depletion in DRM solubilization. In each case, transferrin receptor (TfR) was used as the soluble membrane (SM)
marker, while Flotillin-1 (Flot) and Thy-1 were used as the DRM markers. As can be observed, DRM correspond to fractions 2 to 4, while SM correspond to fractions 10 to 12. Two
additional membrane-attached proteins were also detected, namely Src and nSM2.
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treatment with MCD showed a clear difference between the two tem-
peratures. Extraction of cholesterol-depleted Brij-DRM at 4 °C gave
no signiﬁcant difference with respect to the non-depleted DRM,
while, as expected, raising the temperature of extraction to 37 °C
caused total solubilization of Brij-DRM (Fig. 3B). These results are cor-
roborated by determination of the total protein content along the gra-
dients corresponding to the MCD-treated samples, where no effect of
the temperature can be seen in the Triton X-100 gradients, whereas a
clear difference between 4 °C and 37 °C can be observed in the Brij 98
gradients (Fig. 3C). In conclusion, DRM extracted with Brij 98 at 37 °C
are affected by MCD, and, thus, totally cholesterol-dependent. On the
other hand, the Triton-extracted DRM at 37 °C are not affected by
MCD, thus suggesting the participation of a component other than
cholesterol in the Triton-DRM integrity.
3.3. Presence of actin in Triton-DRM is cholesterol independent
Since the actin cytoskeleton has been described as an additional el-
ement that can support raft integrity and even induce clustering of
membrane microdomains [3], the association of actin with both
Triton-DRM and Brij-DRM was examined. In the case of Triton-DRM,
actin appeared approximately 40% associated to DRM fractions, as
assessed by signal quantiﬁcation (Fig. 4A). Cholesterol depletion did
not induce changes in the actin distribution along the sucrose gradient
obtained after Triton X-100 extraction,while, on the contrary,MCDpre-
treatment caused total solubilization of actin in the case of Brij-DRM
(Fig. 4A). Thus, the presence of actin in DRM showed the same depen-
dence on cholesterol as Flotillin-1 and Thy-1 in the extraction with
Brij 98 (Fig. 2D). The presence of ezrin and annexin A2 in DRM was
also determined, in order to explore the possible participation of these
two proteins in the association of actin to DRM, since they areactin-binding proteins which also bind to phosphatidylinositol-
4,5-bisphosphate (PIP2), a lipid enriched in rafts. The results showed
that neither ezrin nor annexin A2 were associated to DRM, in any of
the two extractions with detergents. The solubilization of these two
proteins by detergents can be explained by their binding to membrane
by means of weak interactions. Thus, ezrin and annexin A2 can be
discarded as proteins involved in the linkage of actin to Triton- and
Brij-DRM in the conditions used in the present work.
3.4. Co-treatment with MCD and Latrunculin A disrupts Triton-DRM
In order to check the involvement of the actin skeleton in the
maintenance of Triton-DRM rat synaptosomes were treated with
Latrunculin A, a compound used to impair actin polymerization and,
consequently, to disrupt actin cytoskeleton meshwork. The use of
MCD or LatA separately did not cause any change in the buoyancy
properties of Flotillin-1 and actin (Fig. 5). The observation that the
combined treatment with the two compounds, MCD and Latrunculin
A, induced increase in the solubilization of Flotillin-1 and, more clear-
ly, actin (Fig. 5), demonstrates that the actin cytoskeleton has a signif-
icant role in the integrity of Triton-DRM from rat synaptosomes and,
thus, possibly in the physiological maintenance of the membrane
rafts present in nerve endings. In order to corroborate the coordinate
role of cholesterol and actin skeleton in Triton-DRM integrity, DRM
samples were observed by TEM (Fig. 6). First, morphology of samples
from Triton-DRM fractions (Fig. 6A) was compared with those from
Brij-DRM fractions (Fig. 6B), observing that in both cases closed ves-
icles of approximately 300 nm of diameter appear. In the case of
Triton-DRM, larger structures with lamellar appearance were addi-
tionally observed (Fig. 6A). Treatment of synaptosomes with MCD
alone (Fig. 6C, LatA−/MCD+) resulted in vesicles with a decreased
diameter with respect to the Control (ﬁgure 6C, LatA−/MCD−), but
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Fig. 3. Effect of temperature on Triton X-100 and Brij 98 extractions. A) Puriﬁed synaptosomes from brain cortex were treated with 1% Triton X-100 at 4 °C or at 37 °C, with or
without previous cholesterol depletion with 35 mM MCD for 30 min. Alternatively, synaptosomes were treated with 1% Brij 98 at 37 °C or at 4 °C, with or without previous cho-
lesterol depletion with 35 mMMCD for 30 min. After ultracentrifugation in sucrose gradients, TfR and Flotillin-1 were detected. B) Protein content in each fraction was determined
by the BCA assay, in the cases indicated in the ﬁgures.
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morphology very similar to that of control vesicles (Fig. 6C, LatA+/
MCD−). The combined treatment with MCD and LatA (Fig. 6C,
LatA+/MCD+) causes the disruption of the vesicles, since smaller
and much less consistent structures appeared. These results are in
agreement with the variations in the proﬁles observed in the sucrose
gradients shown in Fig. 5 and, thus, support the scenario in which
cholesterol and actin are both necessary to maintain the integrity of
Triton-DRM from brain synaptosomes.
4. Discussion
The actin cytoskeleton has been described as a new element that
modulates raft functionalities. The ‘picket-fence’ model for the corti-
cal actin meshwork has been proposed [10], where both membrane
proteins and lipids are temporarily conﬁned within a compartment,
eventually moving to adjacent compartments where they againbecome trapped transiently [14]. The relationship between the
‘picket-fence’ structure and rafts is far to be clear. Although the diam-
eter of raft domains can vary between cell type and physiological sta-
tus (2–20 nm for typical microdomains, but around 500 nm for raft
macrodomains), it is assumed that rafts can be accommodated in
the compartments created by the cytoskeleton, which show a larger
area (40–300 nm in diameter) [15]. The description that cholesterol
depletion with MCD causes actin cytoskeleton reorganization [16] re-
inforces the connection between the two levels of membrane organi-
zation. This conclusion is in agreement with our results, since MCD
causes actin redistribution in the sucrose gradient fractions obtained
after DRM extraction with Brij 98 (Fig. 4). Interestingly, Kwik and
coworkers [16] concluded that reduced lateral mobility of membrane
proteins due to cholesterol depletion is caused by the disruption
of the interactions of PIP2 with molecules that control the organiza-
tion of actin cytoskeleton, since the level of PIP2 in the plasma mem-
brane was also reduced after cholesterol depletion [16]. Thus, the
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Fig. 4. Effect of cholesterol depletion on the binding of actin to Brij-DRM and Triton-DRM. A) The presence of actin in DRM, extracted with Triton X-100 (TX) or with Brij 98 (Brij),
was analyzed by Western blot, after cholesterol depletion with or without previous treatment with MCD 35 mM, performing the same protocols than in Fig. 2. B) The presence of
ezrin and annexin A2 in DRM was also determined by Western blot, showing that both TX-100 and Brij 98 can solubilize the two proteins, even in the presence of cholesterol. Fig-
ures are representative of two separate experiments.
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Fig. 5. Latrunculin A treatment increases Triton-DRM solubilization, but only after cholesterol depletion. Synaptosome aliquots were treated with MCD (35 mM for 30 min), with
Latrunculin A (10 μM for 30 min), with both compounds at the same time, or left untreated, as indicated in the ﬁgure. Subsequently, DRM were extracted using Triton X-100 and
transferrin receptor, Flotillin-1 and actin distributions were analyzed by Western blot. Figures are representative of three separate experiments.
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Fig. 6. TEM images of Triton-DRM obtained after MCD and Latrunculin A treatment. A) Samples from DRM fractions extracted with Triton X-100 or Brij 98 were visualized by means
of TEM, after negative staining with uranyl acetate. On the one hand, Triton X-100 extraction gives rise to a heterogeneous sample comprising lamellar structures (white arrows) as
well as vesicular structures (black arrows), with an average diameter of 200 nm, approximately. Brij 98 extraction, on the other hand, shows vesicular structures (black arrows) and
absence of lamellar structures. Bars represent 500 nm. B) Synaptosome samples were treated for 30 min in the absence (LatA−/MCD−) or in the presence of MCD (LatA−/
MCD+), Latrunculin A (LatA+/MCD−) or both (LatA+/MCD+). DRM were subsequently extracted with 1% TX-100, isolated by ﬂotation in sucrose gradients and visualized in
TEM as in section A. Bars represent 100 nm.
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taken into account, as has been also demonstrated in crayﬁsh neuro-
muscular junction [17]. Since the MCD concentration used in the
present work is high, in comparison with the concentrations typically
used in the literature [17,18 among others], these additional effects,
such as the possible PIP2 depletion, cannot be discarded in our results.
The role of PIP2 in actin remodeling is also supported by the observa-
tion that enzymes involved in PIP2 biosynthesis are enriched at sites
of actin polymerization [19,20].The values of cholesterol to phospholipid ratio in nerve endings
range from0.4 to 0.6, containingmore cholesterol than other intracellu-
lar organelles [21]. Thus, the fact that the content of cholesterol found in
synaptic vesicles is very high explains the necessity to use a MCD con-
centration of 35 mM to almost completely deplete cholesterol from
synaptosomes (Fig. 1B). As aforementioned, the MCD concentration
used is high in comparisonwith the typically used concentrations, rang-
ing from 2 to 10 mM [17,18 among others]. In any case, the concentra-
tion of MCD used in other works involving synaptosomes was even
2392 R. Cubí et al. / Biochimica et Biophysica Acta 1828 (2013) 2385–2393higher, around 50 mM [22–24]. It is noteworthy that our results con-
trast with those also reported in synaptosomes, in which a pool of
Flotillin-1 detected in Triton-extracted DRM is totally sensitive to
MCD treatment [23]. A possible explanation, which should be explored
in future works, relies on the buffer used to purify synaptosomes and to
extract DRM. Núñez et al. [23] used a 2-(N-morpholino) ethanesulfonic
acid (MES) buffered solution,whereas a HEPES buffered solution is used
in the present work. As was reported, buffer composition affects F-actin
stability, since actin polymerization in a MES buffer is less favored than
in a phosphate buffer [25]. Then, the actin meshwork in the DRM
obtained using a MES buffer is expected to be less stable and hence
more sensitive to cholesterol extraction by MCD. Another interesting
work on the importance of the buffer composition shows that interac-
tions exerted by membrane lipids can be compromised depending on
the conditions used during the DRM extraction, as well as the separa-
tion of actin as DRM-resident [26]. Thus, K+ and Mg2+ ions, which are
included in the extraction buffer used in the present work, should act
in counteracting the chelating effect of Ca2+ ions on phosphatidylserine
(PS) and preventing the consequent delamination of the inner leaﬂet of
the resulting vesicles [27]. It is feasible that Ca2+ could chelate PIP2 also,
thus disrupting the associations conducted by its anionic head, such as
the possible interactions with proteins related to the actin meshwork.
PIP2 binds to proteins through a PIP2-speciﬁc recognition sequence
(PH domain, pleckstrin homology domain) present in some proteins
[28]. Ezrin, a PH domain-containing protein, has been described as
present in rafts in some models [29,30], but this is not the case in
the present work (Fig. 4). The aforementioned observation that PIP2
binding proteins, and PIP2 itself, can be found in cholesterol-rich raft do-
mains that are different from the sphingomyelin-enriched raft domains
raises the question about the heterogeneity among the membrane do-
mains. In fact, one important issue in the extraction with detergents is
the composition of the resulting DRM, which would partially explain
the different dependence on cholesterol of different DRM, as observed
in the present work. In an interesting lipidomic study on lipid rafts
from CHO cells [31] it was demonstrated that Brij 98 rafts are less
enriched in sphingomyelin (31 mol%), hence giving a possible explana-
tion to the fact that these microdomains are more cholesterol-
dependent and thus more sensitive to MCD, as it appears in the present
work. In a recent study in Raji cells it is shown that Triton-DRM contain
practically the totality of the extracted sphingomyelin (90%), while the
cholesterol extracted in Triton-DRM represents only less than 60%
of total cholesterol, supporting the enrichment in sphingomyelin of
Triton-DRM [32]. These results are in agreement with results shown
in the present work (Fig. 1A). In spite of the fact that cholesterol enrich-
ment can decrease Triton-DRM sensitivity to MCD, actin skeleton is
essential in the maintenance of these DRM, as demonstrated in Figs. 5
and 6. From these two ﬁgures it can be concluded that Triton-DRM
obtained in the present work are insensitive to cholesterol depletion
or to cytoskeleton disruption, but Triton-DRM were affected by both
modiﬁcations when combined. This result is similar to that obtained by
Chichili et al. [33], where co-treatment of Jurkat T cells with Latrunculin
B and ﬁlipin (a cholesterol sequestering drug) resulted in a higher
random distribution of the probes in the membrane with respect to the
effect caused by each one of the molecules when applied alone.
As aforementioned, not all the rafts show the same sensitivity to cho-
lesterol depletion, a conclusion that supports raft heterogeneity. Thus,
some rafts require less cholesterol than others tomaintain their integrity
or to retain cholesterol with different avidity [4]. In a work using MDCK
cells [35], it was shown that cholesterol depletion of intact cells by more
than 70% did not perturb Triton-DRM association of Yes and caveolin-1,
among other proteins, as is the case of Thy-1 and Flotillin-1 in Fig. 2.
On the other hand, cholesterol depletion from cell homogenate by only
50% was enough to allow solubilization of the proteins by detergent
[35]. This discrepancy between intact cells and cell homogenates is in
agreement with a supportive role of the actin skeleton in DRM mainte-
nance. In any case, other lipids besides cholesterol can stabilize DRM, aconclusion that again raises the question about the heterogeneity of
rafts. According to this conclusion, treatment of MDCK cells with
sphingomyelinase can enhance the effects ofMCD, indicating that the re-
sistance to extraction of DRM with Triton depends on both cholesterol
and sphingomyelin [34]. The signiﬁcant presence of nSM2 in Triton-
and Brij-DRM supports the presence of sphingomyelin in the lowdensity
fractions of the sucrose gradients (Fig. 2). The isolation of Triton-DRM
has also been shown to be dependent on the effect of proteases, as dem-
onstrated in erythrocytes [35]. In our case, the isolation of Triton-DRM
was not affected by treatmentwith protease inhibitors during the solubi-
lization process (results not shown). Finally, we would also like to point
to the effective extraction of Triton-DRM at 37 °C shown in the present
work (Fig. 3A). This is a result also reported by other authors [13], and,
in our opinion, represents a variation of the canonical protocol of
Triton-DRM extraction that must be explored in future works.
In conclusion, the extraction of DRM from CNS tissue, the assigna-
tion of roles of cholesterol-enriched microdomains and the detection
of residence of proteins or other molecules to these microdomains
must take into account the speciﬁc effects exerted by every detergent
and buffer used, since, as can be seen in the present work, actin cyto-
skeleton has a role in the association of proteins to DRM extracted
with Triton X-100, the detergent of choice in the majority of pub-
lished works concerning membrane rafts.
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